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Astro-physical and cosmological observations suggest that the majority of mass in the universe 
is made up of invisible dark matter. Although various pieces of indirect evidence about its nature 
have been collected, the direct detection of dark matter has eluded experimental searches despite 
extensive effort. If the mass of dark matter is below 1 MeV, it is essentially imperceptible to 
conventional detection methods because negligible energy is transferred to nuclei during collisions. 
Here I propose directly detecting dark matter through the quantum decoherence it causes rather 
than its classical effects such as recoil or ionization. I show that quantum spatial superpositions are 
sensitive to low-mass dark matter which is inaccessible to classical techniques. More generally, this 
method enables the detection of hypothetical new phenomena which have no classical influence on 
normal matter whatsoever. This provides new independent motivation for the experimental pursuit 
of macroscopic superpositions, which have recently seen rapid progress. 



It has been almost 80 years since dark matter (DM) 
was first proposed to explain the observed orbital veloci- 
ties within galaxies and galaxy clusters. Much additional 
evidence for its existence has accumulated in the subse- 
quent decades, but it has always been indirect and essen- 
tially gravitational. Existing experiments, observations, 
and theoretical preferences form a complicated thicket of 
conditional restrictions on any potential theory of DM 
[TJ [2], but model-independent constraints are still rare 
and very valuable. Most desirable would be the direct 
detection of DM, that is, local experiments here on Earth 
that observe the interaction of the DM particle with the 
well-known protons, neutrons and electrons that compose 
the normal matter we see around us. 

Based just on the movement of luminous matter in the 
galaxy and the virial theorem, we infer that DM forms 
a halo which has a density of roughly p ~ 0.4 GeV/cm 3 
[3] in the neighborhood of the solar system. The DM 
particles should follow a non-relativistic Maxwellian ve- 
locity distribution centered around vo ~ 230 km/s in the 
galactic rest frame with a cutoff at the galactic escape 
velocity v e ~ 600 km/s |J. Given this, any hypotheti- 
cal mass moM for the DM particle then fixes its rough 
interaction rate with a particle of normal matter (either 
an electron or a nucleon) as a function of a scattering 
cross-section a: r ~ Voap/m^w Typically, this is the 
total cross-section for spin-independent elastic scattering 
with nucleons. 

Conventional DM direct detection experiments consist 
essentially of a large container of normal matter (e.g. liq- 
uid xenon) which is carefully watched for the tiny effects 
of an elastic collision with the DM particle such as recoil, 
vibration, heating, or ionization. These techniques rely 
on there being sufficient energy transfer from the DM to 
the target that the state of the target is substantially 
changed. 



For a collision with a target particle of mass M, the 
energy deposited is of order tti^^q/M. Most often the 
target is an atomic nucleus, for which direct detection 
experiments are sensitive down to a few keV of energy. 
This corresponds to a sensitivity to DM masses greater 
than a few GeV and lines up well with the Lee- Weinberg 
bound, which constrains the most popular form of weakly 
interacting massive particle (WIMP) dark matter to a 
mass of at least 2 GeV. 

However, the most natural WIMP models have been 
challenged by galactic N-body simulations and negative 
direct experimental searches. It is prudent to allow for 
more general possibilities, and there are many proposals 
for sub-GeV mass such WIMPless [5], "MeV" [6], bosonic 
super- WIMP [7 , or asymmetric [8] dark matter. 

Calorimetry experiments which look for bulk heating 
rather than individual collisions have been able to ex- 
plore down to 10 MeV in a modest cross-section range 
[9]. Scattering off of electrons — if it occurs — can probe 
masses as low as 1 MeV [TQl [11] because the lighter 
electrons absorb more energy and also have a lower de- 
tectable energy threshold than nuclei. But conventional 
direct detection techniques probably cannot do any bet- 
ter than this. A 1 MeV DM candidate will deposit about 
an eV when colliding with an electron and less than 10~ 3 
eV when colliding with a nucleus. For a keV candidate, 
the values are 10~ 6 and 10~ 9 eV, respectively. Classi- 
caly, sub-MeV dark matter would be ghostly. Its dynam- 
ics could be strongly influenced by visible matter, but it 
would leave little trace. 

In this article, I propose searching for low- mass DM 
by observing the quantum decoherence [I2j [13] it causes 
rather than its direct influence on normal matter. 
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FIG. 1. Decoherence detection with a Mach-Zehnder 
interferometer. System J\f is placed in a coherent superpo- 
sition of spatially displaced wavepackets which each travel a 
separate path and then are recombined. In the absence of sys- 
tem D, the interferometer is tuned so that J\f will be detected 
at the bright port with near unit probability, and at the dim 
port with near vanishing probability. However, if system T) 
scatters off A/", these two paths can decohere and M will be 
detected at the dim port 50% of the time. 



DECOHERENCE WITHOUT CLASSICAL 
INFLUENCE 

As an alternative to conventional direct detection 
methods, consider an atom interferometer which takes 
advantage of the de-Broglie-wave nature of matter. For 
now, let us specialize to a toy Mach-Zehnder interfer- 
ometer, figure [I] although the ideas will apply gener- 
ally. An atom M is prepared in a coherent superposition 
\Nl) + \Nr) of two wavepackets, one taking the left path 
and one taking the right path, with something function- 
ing as a beam splitter. These wavepackets are allowed 
to propagate over some length, and then they are recom- 
bined with a second splitter. Assuming the spread of the 
wavepackets is negligible, we can align the second split- 
ter so that the atom ends up at one "bright" sensor with 
near unit probability, and at the other "dim" sensor with 
near vanishing probability. 

The sensors effectively measure N in the basis {\N±) = 
\Nl) ± |A^)}, with \N+) corresponding to the bright sen- 
sor and \N-) to the dim sensor. Now we allow for the 
possibility of some hypothetical particle P, which we call 
dark matter, which might be passing through the inter- 
ferometer. Let the state \D ) represent the absence of 
DM and take the evolution to be trivial when it is not 
present: 

[\N L ) + \N R )]\D ) - [\N L ) + \N R )]\D ). (1) 

Measuring in the basis {|7V ± )} gives outcome \N+) with 
certainty, as expected. But suppose the DM particle ap- 
proaches in state \D- m ) and decoheres the superposition 




FIG. 2. Decoherence by dark matter with different de 
Broglie wavelengths. An atom J\f in a superposition of 
spatial extent Ax is decohered by a DM particle V of wave- 
length A. (a) In the short- wavelength limit A « Ax, a single 
scattering event completely decoheres: 7 = (D^\D^) « 0. 
(b) For longer wavelengths, it takes many scattering events 

to decohere: K^tl^out)! = 1 " ^ with e small > but M = 
K^outPout)!* * e ~ Ne * for sufficiently large N. 

by scattering off the atom, 

[\N L ) + \N R )]\D in ) - \N L )\D™) + \N R )\D™), (2) 

into the conditional states l^ut) anc ^ l^out) w ^ n 
(Z^out l^out ) ~ 0> thereby recording which-path informa- 
tion. For low 772dm 7 the phase-space localized wavepack- 
ets \Nl) and \Nr) of the atom are not significantly per- 
turbed following the scattering event. But a measure- 
ment in the basis {|iV ± )} now gives equal probability of 
either outcome. When the dim sensor clicks (which it 
will do half the time), this gives direct evidence of the 
dark matter V even if it transfers negligible momentum 
to M. 

This basic idea is suggested by the decoherence ex- 
periments of Hornberger et al. [14] and others. In the 
Hornberger et al. experiment, coherent spatial superpo- 
sitions of C70 fullerenes were demonstrated by passing 
them through several gratings and recording the interfer- 
ence pattern. (This is a multi-slit near-field experiment 
rather than a Mach-Zehnder interferometer.) The inter- 
ference region was filled with a gas of molecules much 
smaller than the fullerenes, such that collisions recorded 
which-path information in the gas but only mildly de- 
flected the fullerenes. The pressure was adjustable so 
that the presence of the gas — and moreover its density — 
could be inferred from the suppression of the interference 
fringes. In that experiment, however, the deflection of the 
fullerenes was not negligible; the increasing pressure ex- 
ponentially suppressed the count rate in addition to the 
fringe visibility. 

COLLISIONAL DECOHERENCE BY DARK 
MATTER 

The ability of a single DM particle in state \D- m ) to 
decohere an atom through elastic scattering is deter- 
mined by the overlap (D^l\D^2) of the conditional 
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dark- matter post-scattering states. This overlap, in turn, 
is strongly affected by the typical de Broglie wavelength 
Ao = 27rh/vorriDM of the DM particle compared to the 
spatial separation Ax between the two wavepackets. If 

Ax « A, then |(^out l^out )l ^ s oru y slightly away from 
unity. The DM cannot easily "see" the superposition, 
and it takes many scattering events to decohere the nor- 
mal matter [15] . On the other hand, if Ax » A, then 
(D^l\D^2 t ) nearly vanishes. The out states are distinct 
and a single DM collision suffices to decohere. See fig- 
ured 

To calculate the state of the atom for the general case, 
we must sum the effect of all the DM particles passing by. 
So long as the DM is not degenerate, it can be treated 
as a fixed number of identically distributed but distin- 
guishable particles. The state of the atom J\f in the 
{\Nl)i \Nr)} basis after a time T is 

(3) 

where 7 = exp[-/ Q T dt F(Ax )] is the decoherence factor 
and F(Ax) is given by [T3] H6] 

F(Ax) = [ dqn(q) — - — / df 

J m D M J (4) 

x {l - exp[i(q - qr) • Ax]} \f(q, qr)\ 2 . 

Here, n(q) is the distribution function (phase space num- 
ber density) of DM and |/(#i n , 5out)| 2 - da/dft is the 
differential cross-section. 

The condition for effective decoherence is that 7 « 1, 
that is (ReF(Ax)) > 1/T. This diagonalizes the den- 
sity matrix and drives the probabilities for activating the 
sensors at either arm of the interferometer both to 1/2. 
For general q, the angular integrals over q and r in Q 
can only be done by assuming a form for the differential 
cross-section. For the purpose of calculating dark mat- 
ter sensitivity, I will assume hard-sphere scattering, i.e. 
da/ dQ constant. So long as the cross- section does not 
vary too quickly with momentum q, the bounds will not 
be very sensitive to this simplification. 

MASSIVE SUPERPOSITIONS 

The toy detector in figure [T] only works if the flux of 
DM is high enough such that at least one DM particle 
will usually scatter off of an atom wavepacket while it is 
in the interferometer. Because of the rarity of collisions, 
interferometry with single atoms has little hope of being 
sensitive to DM. There are at least two ways to increase 
the likelihood of a scattering event, and hence increase 
the possibility of detection. First, the time over which the 
superposition is maintained can be increased, by length- 
ening the interferometer arms or slowing down the atom. 




FIG. 3. Coherent scattering over multiple nuclei, (a) 

When the target object is composed of many atoms, short- 
wavelength DM can scatter off a single nucleus. The total 
cross-section is proportional to the mass of the target, (b) 
For sufficiently small mDM, the DM wavelength is too long 
to resolve the individual nuclei. Instead, the DM scatters 
off the entire target coherently and the total cross-section is 
proportional to the target mass squared. 



For an uncorrelated flux of DM, the expected number of 
scattering events should be linear in time. Second, and 
more powerfully, one can superpose ever larger clusters of 
atoms. That is, construct a matter interferometer with 
targets M which are as large as possible. As the number 
of nucleons composing J\f increases, each contributes an 
independent decoherence factor. This multiplies the ef- 
fective decoherence rate ReF(Ax) by the total number 
of nucleons. 

Furthermore, sub-GeV DM will scatter coherently off 
of multiple nucleons if its coupling to them is spin- 
independent, as is commonly assumed. This means that 
the total scattering rate is proportional to the square of 
the number of nucleons in the target when the target is 
smaller than the reduced de Broglie wavelength A = X/2tt 
of the DM, i.e. the target fits inside the coherence vol- 
ume A 3 . See figure [Sj (DM essentially always scatters co- 
herently off of multiple nucleons in the same nucleus for 
moM < 1 GeV.) When the wavelength is large enough to 
span multiple nuclei, mDM £ 1 MeV, but not large enough 
to span the whole target, complicated interference effects 
(both constructive and destructive) arise which depend 
on the distribution of nuclei and the form of the angular 
cross-section. In this article, I take the coherence boost 
compared to incoherent scattering to be proportional to 
the number of nuclei which fit in the coherence volume. 

To achieve interference of large objects with ever 
smaller de Broglie wavelengths, modern time-domain in- 
terferometers can require a time interval proportional to 
the size of the object superposed [17 . When combined 
with the coherence boost, the DM sensitivity scales like 
the cube of the mass of the object. Although this is par- 
tially a testament to the difficulty of superposing large 
objects, it also means that investing in larger masses 
yields big dividends. Happily, recent progress in the size 
of superposed objects in matter interferometry has been 
stunning, with clear fringe patterns produced when in- 
terfering molecules composed of up to 430 atoms and 
in excess of 6,000 amu [18]. Future prospects are even 
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stronger [T71 [19] , and these have great potential for dis- 
covery. 

Of course, there are many possible sources of decoher- 
ence; anomalous decoherence hardly implies the existence 
of new particles. Still, note that the inverse statement is 
true: the observation of interference effects (which estab- 
lishes the existence of the superposition, and hence im- 
plies that all relevant sources of decoherence have been 
eliminated) implies that DM has not scattered (which 
sets robust upper bounds on the cross section a). Fur- 
thermore, if anomalous decoherence is observed, one may 
be able to demonstrate that it is due to DM by observing 
the functional dependence of the interference fringe vis- 
ibility on parameters which affect the decoherence rate. 
For instance, the spatial extent Ax of the superposition 
can be adjusted by separating the arms of an interferome- 
ter, while the exposure time T can be changed by varying 
the length of the arms or the speed of the target. De- 
pending on the design, varying the isotopic composition 
might allow one to adjust the dark-matter cross-section 
of the nuclei without affecting other potential sources of 
decoherence. Finally, the DM flux itself might be manip- 
ulable, which is discussed below. 

COHERENT EFFECTS AND MODULATION 

Unlike earlier examples of collisional decoherence [I3j 
[15l[T6], the scattering DM environment is not distributed 
isotropically because of the significant speed with which 
the sun orbits the galactic center. The apparent DM 
"wind" drives the imaginary part of F(Ax) to a non- 
zero value, a result of forward scattering [20] . 

ImF(Ax) changes the phase of the decoherence factor 
7. When ReF(Ax) is large compared to T, this doesn't 
matter; 7 vanishes regardless. However, when ReF(Ax) 
is small, I7I « 1 and the density matrix is then given by 
p w for |^) = \N L )+j\N R ). The state has not been 

decohered and is still pure. Instead, the DM environment 
has acted unitarily on the normal matter by applying a 
position-dependent phase. 

A position-dependent phase per unit time is simply a 
coherent classical force, and it is natural that this net 
force is only non-zero when the DM momentum distri- 
bution is anisotropic. Although the DM wind does not 
measurably displace the wavepackets \Nl) and \Nr), it is 
known that such forces can still be detected using mat- 
ter interferometry. This is a quantum-enhanced mea- 
surement [2TJ [22] and, although it has not been used to 
detect new particles, it is the basis behind many exist- 
ing weak- force experiments (e.g references [23, 24 ). The 
details of the DM and the interferometer determine the 
ratio ImF/ReF, and this governs the transition from 
the well-known coherent case (which can be modeled as 
a unitary evolution) to the decoherent case introduced 
here (which cannot). 



Since interferometers cannot measure a constant phase 
shift between their two arms, the force must vary to be 
observable. There are therefore two related motivations 
for modulating the influence of the DM: (1) if anoma- 
lous decoherence is detected, its functional dependence 
on parameters which control the hypothetical DM scat- 
tering gives evidence that the decoherence is in fact due 
to DM, and (2) if the DM wind applies only a coher- 
ent phase shift, rather than decoherently dephasing, then 
some variation in time is necessary to observe this shift 
at all. Several strategies are possible. 

First, the incoming DM may be directly shielded from 
reaching the detector. This can be done using normal ma- 
terials, such as lead or concrete, for most of the relevent 
parameter space. Alternatively, for low cross-sections, 
the detector could be operated underground. 

Second, predictable natural variations in the apparent 
DM flux, such as those due to the Earth's orbital motion 
around the sun, may be exploited. This technique has an 
extensive history [25H27] . 

Third, outside of the short wavelength limit (i.e. when 
it takes multiple scattering events to fully decohere), the 
orientation of the superposition with respect to the di- 
rection of the DM wind gives an order-unity modulation 
of the effect. Decoherence is usually maximized when 
the wind is parallel to the separation vector Ax. Alter- 
natively, when the coherent effect dominates, the phase 
shift due to the wind flips sign as the orientation is ro- 
tated. See figure [4] This means interferometers are nat- 
urally directional DM detectors, which are known to be 
highly desirable [28] in part because they provide un- 
mistakable evidence that a signal is of galactic origin. 
The Earth's daily rotation guarantees that this direc- 
tional variation, combined with the effects of the Earth's 
DM wind shadow, will be visible even to fixed terrestrial 
experiments. 

DARK MATTER SEARCH POTENTIAL 

The search potential for low-mass DM through deco- 
herence is depicted in figure [5] I will concentrate on 
the wide mass range 10 eV-100 MeV. Above this range, 
conventional direct detection techniques will be superior. 
Below this range, the occupation number of DM momen- 
tum modes in the Milky Way surpasses unity. (Fermionic 
DM would show signs of degeneracy, while bosonic DM 
would behave like a coherent wave.) 

The only existing direct-detection bound on the spin- 
independent nucleon-scattering cross-section for raDM < 1 
GeV comes from the X-ray Quantum Calorimetry exper- 
iment [36], as analyzed by Erickcek et al. [9]. There is 
also a constraint arising from the stability of the DM 
halo which encompasses the Milky Way, and the rate 
at which it heats interstellar hydrogen through collisions 
[29] . These robust exclusions are based only on the 
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FIG. 4. Visibility of the dark matter wind, (a) The Earth moves with i>Earth ~ 230 km/s in the Milky Way (b) Matter 
passing through an interferometer is in a superposition of two wavepackets separated by Ax. (c) The DM momentum distribution 
(red arrows) seen by the experiment is concentrated in a direction opposite ^Earth- The sensitivity of the superposition to 
interactions with DM is determined by the angle x between ^Earth and Ax. % can be adjusted by re-orienting Ax, i.e. rotating 
the interferometer, (d) The real part of F controls the decoherence of the superposition. It is plotted for da/ dQ oc 1 (hard- 
sphere) scattering as a function of % and £ = mr>MVoAx/h = Ax/Ao- (It is normalized to its value at x = 0.) Values for x > k/2 
are given by Rei ? 7r _ x = KeF x . For DM wavelengths much shorter than the size of the superposition (£ oo), there is no 
dependence on orientation because a single collision event causes complete decoherence. The insets compare % dependence for 
da/ dQ oc 1 scattering (blue) with da/ dQ oc 1 + cos 2 6 (red) and da/ dQ oc cos 4 (green) for fixed £. (The vertical scale varies 
between insets.) This is how the decoherence strength would fluctuate as an interferometer is rotated with respect to the DM 
wind, (e) The imaginary part of F controls the coherent phase shift between the arms of the interferometer due to the weak 
force applied by the wind. Values for larger x are given by Imi ? 7r _ x = -ImF x . Although the phase shift has x dependence for 
all £, decoherence always prevents the observation of this shift in the short- wavelength limit: lmF x /Ke F x -> as £ -> oo. 



present-day distribution of the DM which is necessary 
to explain observed galactic dynamics. 

If one further assumes the simplest thermal freeze- 
out scenario for DM in the early universe, tighter up- 
per bounds on a for raDM > 1 MeV have been derived 
from the cosmic microwave background and large-scale 
structure data [30]. This type of thermal relic DM also 
becomes too warm to explain small-scale structure data 
encoded in the Lyman-a forest when the mass falls be- 
low roughly a keV (e.g. [31]). Both of these restrictions 



might easily be violated (by dark-observable temperature 
ratios [5 or fully non-thermal scenarios), as might other 
published bounds which rest on significant new assump- 
tions about the nature of DM (e.g. its self-annihilation 
or high-energy inelastic scattering to gamma rays 37]). 

Direct-detection experiments on Earth will only be 
sensitive to DM if the scattering cross-section with nucle- 
ons is sufficiently low for DM to pass through the atmo- 
sphere and reach the experiment. This upper bounds the 
spin-independent cross-section visible to experiments on 
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FIG. 5. The sensitivity of several existing and proposed superposition experiments to the spin-independent 
nucleon scattering cross-section of dark matter, compared with existing constraints, (a) Gray shaded regions are 
robustly excluded by the X-ray Quantum Calorimetry experiment ("XQC" [9]) and galactic heating and halo stability arguments 
( "Heating+Halo" [29]). Hatched regions are incompatible with thermal DM models due to observations of the cosmic microwave 
background with large scale structure data ("CMB+LSS" [30]) and the Lyman-a forest ("Ly-a" [31]). Solid colored lines bound 
regions where DM would cause decoherence in three proposed experiments: a satellite-based atom interferometer ("AGIS" [24]). 
optically-trapped silicon nanospheres ("Nanosphere" [E]), and the OTIMA interferometer with clusters of gold of mass 10 6 
amu ("OTIMA-6" [T7]V A successful AGIS satellite would set new exclusion limits on DM where its sensitivity dips below the 
halo heating/stability bound for ttidm ^ 1 keV. On the other hand, the OTIMA and nanosphere experiments would be shielded 
from DM by the atmosphere if operated at sea level, so exclusion regions illustrate the sensitivity at an altitude of 200 km. The 
darker regions bordered by colored dashed lines indicates where the coherent phase shift due to the DM wind could be observed 
without being overwhelmed by decoherence. (b) On top of the existing exclusions (now black dotted lines), the colored lines 
give the lower limits on the sensitivities of existing interferometers with helium atoms ("He" [32]), cold neutrons ("n°" [33]), 
fullerenes ("C70" [34]), and the large organic molecule C6o[Ci2F25]io ("PFNS10" _18_). Also shown are sensitivities for the 
AGIS satellite, the OTIMA interferometer with three choices of gold cluster mass (10 4 , 10 6 , and 10 8 amu, although the last is 
not feasible for an Earth-bound experiment), and the nanosphere experiment. The border is defined by an e-fold suppression 
of the interference fringes: I7I = 1/e. Sensitivity increases dramatically for larger masses. When operated within the Earth's 
atmosphere, there is a potential to detect DM only where the sensitivity dips below the dashed-dotted line corresponding to 
the degree of shielding at the relevant altitudes. None of the existing experiments do so. For reverence, strongly interacting 
massive particle ("SIMP" [35]) models lie in the black band. 



the Earth's surface at about 10~ 27 cm 2 . This can be cir- 
cumvented by placing the experiment on a high-altitude 
balloon (~30 km altitude; ~10~ 25 cm 2 ), a sounding rocket 
(-200 km altitude; -10" 18 cm 2 ), or on a satellite. I do 
not know if anyone has studied the possibility of produc- 
ing macroscopic quantum superpositions on a balloon or 
rocket, but spaceborne experiments are both feasible and 
compelling for independent reasons [17, 38] [39] . 

Figure [5] shows the potential reach of several existing 
matter interferometers [18, 32 -34] in the absence of atmo- 
spheric shielding. The separation vector Ax is assumed 
to point into the DM wind. The effects of rotating Ax 
with respect to the wind are order unity and are depicted 



in figure [4] Modern experiments often use multiple grat- 
ings with many slits to overcome difficulties with beam 
coherence and tiny de Broglie wavelengths [40] [41], so 
the matter is not described by a simple superposition 
of two spatially separated wavepackets. But the interfer- 
ometers still require good coherence over distances which 
span multiple slits, so it is reasonable to estimate their 
sensitivity by taking Ax to be the period of the relevant 
grating. (Only the results for small raDM will depend on 
the choice of Ax; for larger masses, which are in the short 
wavelength limit, any scattering event results in complete 
decoherence independent of the spatial separation.) 

To demonstrate the potential of future experiments to 
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detect DM through decoherence, I consider three pro- 
posals currently being developed: an optical time-domain 
ionizing matter- wave (OTIMA) interferometer which will 
interfere clusters of atoms larger than 10 6 amu [17], an 
optically-trapped 40 nm silicon nanosphere with mass 
~ 10 8 amu [19], and a satellite-based Atomic Gravita- 
tional wave Interferometric Sensor (AGIS) [24] using an 
estimated exposure time of 100 s on rubidium-87. 

The AGIS satellite would interfere atoms in the open 
vacuum of space, so it would be sensitive to DM scenar- 
ios for moM < 1 keV which have never been excluded, as 
shown in figure [5] The OTIMA and nanosphere experi- 
ments would need to be raised at least partially out of the 
Earth's atmosphere to see dark matter, but experiments 
further into the future could rule out DM scenarios at 
ground level. For raDM < 3 keV, there is a significant re- 
gion for which DM's unitary phase shift can be observed 
in the OTIMA and nanosphere experiments without be- 
ing overwhelmed by decoherence. 

It is likely [42] that the true DM velocity distribution 
has a thicker tail than the Maxwellian form assumed 
here. High momentum DM causes disproportionately 
more decoherence, so this should increase sensitivity fur- 
ther. Also note that if there were a mechanism which in- 
creased the local DM density in the vicinity of the Earth 
(e.g. reference [43] ), this would improve of the sensitivity 
of decoherence detection and other near-Earth methods 
without changing the astrophysical limits which currently 
provide the best bounds. 

DISCUSSION 

It's worth stressing that detection through decoherence 
is not limited to interferometers. Macroscopic superpo- 
sitions of mechanical oscillators [44] [45] are promising 
because of the sheer size of the masses under quantum 
control. These are very different than the traditional 
interferometers depicted in figure [5] because the spatial 
separation of the superposition is much smaller than the 
physical size of the relevant objects. Rough estimates 
suggest that some of these proposed devices would have 
even larger sensitivity to DM, although a detailed anal- 
ysis has not been performed. 

The scattering cross-section of DM with electrons, 
rather than nucleons, is also of interest [10] [11]. It could 
be probed with the matter interferometers discussed here 
and also possibly with superconducting qubits, in which 
two experimentally manipulable quantum states are com- 
posed of millions of entangled Cooper pairs. Scattering 
DM could record "which-momentum" information about 
the electrons in these macroscopic states, and so deco- 
here them. On the other hand, Bose-Einstein conden- 
sates (BECs) are not naturally suited for detection by 
decoherence. Spatial interferometry has been done with 
BECs [46] . but this is essentially atom interferometry; the 



atoms in a BEC are all in the same state, but they aren't 
entangled. Individual atoms in the BEC can be lost 
without destroying the coherence, so there is no boost 
in sensitivity like there is for superposing large clusters 
of atoms. (For the same reason, normal BECs do not 
avoid the shot noise limit when used to measures phase 
differences.) However, the creation of entanglement in 
BECs, such as NOON [47] or spin-squeezed [48] states, 
might be exploitable for detection by decoherence. 

All of the experiments discussed in this article were 
performed or proposed for reasons that had nothing to 
do with discovering new particles; significant enhance- 
ment in sensitivity is likely for devices designed with it 
in mind. Beyond dark matter, one can reinterpret many 
experiments which establish certain quantum states as di- 
rect evidence against hypothetical weak phenomena that, 
if existent, would decohere those states. The toy Mach- 
Zehnder interferometer illustrates that the classical ef- 
fects of such phenomena (e.g. momentum transfer) can 
be arbitrarily small while still causing very noticeable de- 
coherence. 

The essential difficulty in creating macroscopic super- 
positions is that the interaction of a single constituent 
particle is enough to decohere an arbitrarily large sys- 
tem, but this extreme sensitivity also gives them their 
detecting power. Insofar as stability in the presence of 
decoherence defines the classicality of a quantum state 
P~2j [49] , the best constraints on hypothetical weak phe- 
nomena will come from the most non-classical states. 
This gives new independent motivation for their experi- 
mental pursuit. 
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